). As the concentration of Cu shown to inhibit development of S. neumayeri is similar to levels found at impacted sites in Antarctic nearshore environments, results of this study indicate that this metal may have an impact on the development of S. neumayeri. The sensitivity of S. neumayeri to copper and cadmium in tests based on development to hatched blastulae (6 to 8 d) are generally comparable to results of tests on echinoids from tropical and temperate regions that use development to 2-arm plutei (2 to 4 d) as the end-point. However, the Antarctic species is more sensitive to copper and cadmium than the tropical and temperate species if the tests are continued to the same stage of development, the pluteus larva (20 to 23 d for the Antarctic species). Comparing the tolerance of a key developmental stage common to all planktotrophic sea urchins may be more ecologically relevant than simply comparing exposure over a fixed period of time, because for an embryo to survive to adulthood it must successfully complete all development stages. This is the first reported evidence that Antarctic species could be more sensitive to contaminants than species from warmer regions. 
INTRODUCTION
Concentrations of naturally occurring metals in Antarctic marine environments are typically very low (Honda et al. 1987 , Abollino et al. 1996 . The average concentration of several metals in seawater sampled from 12 locations in East Antarctica were 0.067 µg l -1 for cadmium, 0.52 µg l -1 for copper, 0.33 µg l -1 for lead and 0.87 µg l -1 for zinc (Honda et al. 1987) . However, metals and other contaminants of anthropogenic origin are found at much higher levels in sediments and seawater at some locations. In particular, sites previously used for waste disposal or currently used for fuel han-ABSTRACT: A toxicity test was developed to examine the effects of metal contaminants on the sensitive early life history stages of the common Antarctic echinoid Sterechinus neumayeri (Meissner). Embryos and larvae of the sea urchin were exposed to the metals copper, cadmium, zinc and lead, and the effects of each metal on development to hatched blastulae after 6 to 8 d, and to 2-arm plutei after 20 to 23 d were monitored. These metals are common in Antarctic marine environments and are often found at elevated levels at sites subject to anthropogenic inputs. For all metals tested, the longterm test to the 2-arm pluteus stage was more sensitive than the short-term test. Copper was the metal most toxic to developing embryos and larvae of S. neumayeri with EC50s of 11.4 µg l -1 and 1.4 µg l -1 following 6 to 8 d and 20 to 23 d exposure respectively. Exposure to cadmium at concentrations greater than 2 mg l -1 caused a significant decrease in the proportion of embryos developing normally to hatched blastulae (EC50 = 6.9 mg l -1 ) and concentrations greater than 0.2 mg l -1 , caused a decrease in normal 2-arm plutei. EC50 values calculated for zinc were 2230 and 326.8 µg l -1 for the short-and long-term tests respectively. Lead had no effect on development of embryos following 7 d exposure at all concentrations tested (up to 3.2 mg l dling and sites adjacent to sewage outfalls often have increased levels of contaminants (Lenihan et al. 1990 , Risebrough et al. 1990 , Cripps 1992a ,b, Green & Nichols 1995 , Deprez et al. 1999 . Concentrations of 200 µg l -1 copper, 6 µg l -1 cadmium and 2000 µg l -1 zinc have been reported in water from a melt-pond at a disused waste disposal site near Casey Station, Wilkes Land, Antarctica (Cole et al. 2000) , and 25 mg kg -1 copper and 70 mg kg -1 zinc were reported in marine sediments from a bay adjacent to the site (Scouller et al. 2000) . Although contaminated areas are generally confined to within ~200 m of Antarctic stations, they have been reported to cause effects on biota and to cause localised changes to benthic communities (Lenihan et al. 1990 , Lenihan 1992 .
The ecological significance of contaminants on terrestrial and marine communities in the Antarctic is largely unknown. Ecological response to contamination may depend on a number of factors, including the species in the receiving environment, their mode of life, their mode of reproduction and development, their life history stage, other sources of stress and the synergistic effects of complex mixtures of contaminants. Although there is extensive information on the bioaccumulation of contaminants in a wide range of Antarctic organisms (e.g. Honda et al. 1987 , Ernst & Klages 1991 , Berkman & Nigro 1992 , Petri & Zauke 1993 , Viarengo et al. 1993 , Locarnini & Presley 1995 , Bargagli et al. 1996 , de Moreno et al. 1997 , very few studies of the acute and chronic effects of exposure and the response of marine biota to contaminants in polar regions have been reported (Percy 1977 , Percy & Mullin 1977 , Riebel & Percy 1990 , Chapman & McPherson 1993 , Cleveland et al. 1997 , Ling et al. 1998 , Duquesne et al. 2000 .
A number of animals including echinoderms, molluscs and crustaceans are common in Antarctic marine habitats and were assessed for their suitability as indicator organisms to investigate the effects of metals on Antarctic biota. Early life history stages of marine invertebrates, including echinoids, are known to be highly sensitive to environmental stresses, including contaminants, and are therefore widely used as test species in environmental monitoring programs (e.g. Kobayashi 1980 , Klockner et al. 1985 , Ringwood 1992 , Bay et al. 1993 . Despite the extensive range of toxicity test methods developed and used routinely in tropical and temperate regions, very few methods have been developed for Antarctic species , Cleveland et al. 1997 , Ling et al. 1998 , Duquesne et al. 2000 . This study is the first reported using embryos and larvae of a local Antarctic sea urchin.
Sterechinus neumayeri (Meissner) (Order Echinoidea, Family Echinidae) is one of the most common and widely distributed sea urchins in Antarctic coastal waters (Arntz et al.1994 , Brey & Gutt 1991 . It is reproductively mature from winter until early summer, spawning between May and December (Pearse & Giese 1966) . Embryos and early larval stages of this species have been collected from the plankton in areas adjacent to McMurdo Station in early November and December (Bosch et al. 1987) , which, when coupled with known development times in laboratory-reared cultures, suggests a spawning peak from October to December. Development of this species from a relatively small egg of 180 µm diameter, through a feeding pluteus larva to metamorphosis and settlement, is similar to other planktotrophic echinoids from temperate and tropical regions (Bosch et al. 1987) . Rate of development, however, is considerably slower (some 2 to 10 times), due to the low temperatures in Antarctic waters at which development occurs (Bosch et al. 1987 , Stanwell-Smith & Peck 1998 . In cultures reared at -1 to 0°C, the blastula stage is reached 2 to 3 d post fertilisation, and the embryo hatches from its fertilisation membrane after 5 to 6 d (Bosch et al. 1987 , C.K.K. pers. obs.). The gastrula stage is reached after 9 to 10 d and develops into an early pluteus with a functional gut and the first pair of larval arms supported by skeletal rods after approximately 20 d (Bosch et al. 1987 , C.K.K. pers. obs.). The juvenile is formed after 3 to 4 mo in the plankton (Bosch et al. 1987) .
The objective of this study was to determine the response of the embryos and larvae of Sterechinus neumayeri to metal contaminants that are common in Antarctic marine environments using toxicity test procedures based on its early life history. Responses of the embryos and larvae to specific common metals were assessed in order to determine whether contaminants at the levels that have been measured at various sites in the Antarctic are likely to cause harm to local fauna and flora. The long-term test developed is analogous to the sea urchin larval development test that is commonly used in temperate regions , Dinnel 1990 , Kobayashi 1991 , 1994 , Bay et al. 1993 , Bay & Greenstein 1994 . By developing a similar test, it is possible to determine whether the larvae of the Antarctic species are of comparable sensitivity and respond to contaminants at concentrations similar to those that cause an effect in related species from temperate and tropical regions. This information can then be used to determine whether environmental standards and guidelines for emission of contaminants in lower latitude regions can be applied to the Antarctic, or whether standards based on the responses of local organisms are needed. The limited information available on the sensitivity of Antarctic fauna to pollutants (Ernst & Klages 1991 , Chapman & McPherson 1993 , Ling et al. 1998 , Duquesne et al. 2000 suggests that polar and temperate species exhibit deleterious effects of exposure to contaminants at similar concentrations. However, very few species have been investigated, and more information on a range of ecologically important and sensitive species such as S. neumayeri is required before the question of the sensitivity of Antarctic species can be properly addressed and used to establish environmental guidelines.
MATERIALS AND METHODS

Collection.
Mature Sterechinus neumayeri were collected by divers from sub-tidal populations in O'Brien Bay and Brown Bay near Casey Station (Fig. 1 ). They were transported to the laboratory in buckets of seawater and were kept in 60 l aquaria (maximum 8 ind. aquaria -1 ) with continuous aeration and biological filtration at a temperature of 0 ± 1°C and a salinity of 34 ± 1 ppt. Urchins were monitored for at least 24 h before being used in tests, to allow them to acclimatise to the test temperature and to identify individuals in poor condition that may not have spawned healthy gametes.
Induction of spawning and preparation of gametes. Sea urchins were induced to spawn by injection of 3 to 5 ml of 0.5M KCl. After injection, individuals were placed singly into plastic containers with 250 to 300 ml of 0.45 µm filtered seawater (FSW) in a water bath at 0 ± 1°C. Gametes were collected during the first 20 min of spawning. Spermatozoa were collected using a pipette, directly from the surface of the urchin to prevent dilution with water and consequent activation. Pipette tips containing sperm were held on ice until the sperm was ready to be used in fertilisation. Spawning females were inverted (oral side up) over dishes of FSW so that the genital pores were submerged and spawned eggs were allowed to settle to the base of the dish. Eggs were collected using a wide bore pipette and washed several times in fresh FSW through a 250 µm mesh to remove large extraneous material. The condition of eggs was then assessed visually for uniformity of shape and size and homogeneous yolk content. Sperm were diluted with FSW, and their motility checked immediately prior to being added to the eggs.
Fertilisation. Insemination using eggs from a single female and sperm from 1 or 2 males took place within 1 h of spawning to ensure gametes remained healthy. To avoid polyspermy, the minimum amount of sperm necessary to give 75 to 95% fertilisation was added. The eggs and sperm were mixed with a perforated plunger in the beaker to keep them suspended during fertilisation. Fertilised eggs (as indicated by the elevation of the fertilisation membrane) were washed through a 300 µm mesh with several changes of FSW to remove excess sperm and any remaining debris before being transferred to experimental test tubes. Once fertilised, the concentration of embryos in the suspension was determined using a Sedgewick-Rafter counting cell and adjusted to 50 to 60 embryos ml -1
. Only batches of eggs with at least 75% successful fertilisation were used in tests.
Toxicity tests. Tests were conducted in glass test tubes (Borex 13 × 100 mm disposable culture tubes) and 4 replicate test tubes were used per treatment. Within 3 h of fertilisation, 1 ml of the embryo suspension was placed into each test tube containing 7 ml of the test solution, to give a final volume of 8 ml and a density of 6 to 8 embryos ml -1 . The embryo suspension was kept well mixed using a perforated plunger during withdrawal of 1 ml aliquots to ensure each test tube received the same number of eggs. Test tubes were covered with parafilm to minimise evaporation of test solution and to prevent contamination, and they were kept in an environmental chamber at a temperature of 0 ± 0.5°C for the duration of the test.
Test solutions. Seawater used as the control and dilution water in all experiments was collected approximately 100 m from the shore in O'Brien Bay. This bay is not subject to any direct contamination and was considered a control site. Chemical analysis of seawater sampled from this site has revealed very low levels, generally below detection limits or similar to procedural blanks (5 ppb or lower, measured using Inductively Coupled Plasma Mass Spectrometry, ICPMS) of a range of potential contaminants (I. Snape pers. comm.). Seawater was pumped through a hole in the sea-ice and stored in a 1000 l container. Within 48 h of the start of each test, approximately 20 l of seawater was filtered to 0.45 µm and stored in black polyethylene carboys in an environmental chamber at 0 ± 0.5°C until used in tests. Salinity, pH and dissolved oxygen of FSW was checked and adjusted if required (salinity = 34 ± 1 ppt; pH = 8.0 to 8.2; dissolved oxygen > 70%). Metal stock solutions were made in deionised water prior to tests and stored in airtight polyethylene containers at 4°C. Four metals that are common in meltwater and sediments from contaminated sites in Antarctica, including at Casey (Deprez et al. 1999) , were tested; they are copper (CuSO 4 ·5H 2 O), cadmium (CdCl 2 ), zinc (ZnSO 4 ·7H 2 O), and lead [(CH 3 COO) 2 Pb·3H 2 O]. Metal stock solutions were diluted to the required concentrations in test tubes immediately prior to induction of spawning on the day of testing.
Test end-points. Two end-points were used in tests; normal embryonic development to hatched blastulae (6 to 8 d), and normal embryonic and larval development to 2-arm plutei (20 to 23 d). At the termination of tests, larvae were fixed using 0.2 ml of 5% buffered formalin per test tube, and they were examined using a compound microscope at a magnification of 100 ×. The number of normally developed larvae and the total number of larvae present in cultures were counted. Mortality, abnormalities and slower development relative to controls were the criteria used to determine variations from normal development.
Statistical analysis. Probit analysis or Trimmed Spearman Karber tests (if assumptions of the probit analysis were not met) were used to estimate the concentration of each test solution causing abnormal development in 50% of test individuals (EC50 values). No observable effect concentration (NOEC) and lowest observable effect concentration (LOEC) values were calculated using Dunnett's multiple comparison test. To investigate repeatability and precision of tests, the average EC50 and coefficient of variation (CV) were calculated. Analyses of variance (ANOVA) and Student-Newman-Keuls (SNK) tests were used to test for differences in the number of deformed embryos and larvae between treatments and for differences between replicate tests. Cochran's C-test was used prior to ANOVA to test for homogeneity of variance (p = 0.05), and data was ln(x + 1) transformed if required to remove heterogeneity. ). The effect of copper on development to 2-arm plutei is shown in Fig. 2b . Development to 2-arm plutei was significantly disrupted (p < 0.01) in concentrations as low as 2 µg l -1 (ANOVA, 2 tests, Cu, F = 164.51, p < 0.001; Fig. 2b ). An EC50 value of 1.4 µg l -1 could be calculated for only 1 of the 4 tests of the effects of exposure to copper on development to the 2-arm pluteus stage (Table 1) .
Cadmium
The number of abnormal hatched blastulae increased with exposure to increasing concentrations of cadmium up to 8 mg l -1 (ANOVA, 2 tests, Test × Cd, F = 12.29, p < 0.001; Fig. 3a) . At concentrations of 4 mg l -1 and above, there was a significant decrease in the number of normal hatched blastulae in 5 tests (p < 0.01; Fig. 3a ), a proportion of embryos developed normally to hatched blastulae. Development to 2-arm plutei was disrupted following exposure to 200 µg l -1 of cadmium, and no normal larvae developed in cadmium concentrations greater than 500 µg l -1 ( Fig. 3b ; ANOVA, 2 tests, Cd, F = 41.6, p < 0.001). There were significantly more normal 2-arm plutei in the controls than in any of the treatments (p < 0.01). As the effect of cadmium on development to the 2-arm pluteus stage was so dramatic at all the concentrations tested, no EC50 values could be calculated for these tests. However, they would have been well below the average LOEC of 0.2 mg l -1 (Table 1) . (Table 1, NOEC) . A significant decrease (p < 0.01) in the number of normally developing embryos was observed in 6 tests between 1.6 and 2 mg l -1 (ANOVA, Test × Zn, F = 3.91, p < 0.001; Fig. 4a ). In the other 4 tests, concentrations tested were lower (0 to 0.64 or 1.2 mg l -1
) and the numbers of embryos developing normally at different concentrations of zinc did not differ (ANOVA, 2 tests, Test × Zn, F = 1.91 not significant [ns]; ANOVA, 2 tests, Zn, F = 0.18 ns). An average of 2.2 mg l -1 of zinc caused a 50% decrease in normal development in 6 tests (Table 1,   EC50 ). The lowest rate of normal development recorded was approximately 30% following exposure to the highest concentration of zinc that was tested (2 mg l -1 ). As none of the concentrations tested reduced normal development to 0%, the average EC50 value of 2.2 mg l -1 provides a rough estimate only, and more tests using higher concentrations of zinc would be required to obtain more accurate point estimates. Development to 2-arm plutei was inhibited by concentrations of zinc above 150 to 200 µg l -1 ( Fig. 4b ; Table 1 , NOEC = 160 µg l -1 ). Less than 5% of larvae in all tests developed normally at concentrations of 600 µg l -1 or greater (Fig. 4b) . A zinc concentration of 326.8 µg l -1 (CV = 24.6%) was estimated to cause a 50% decrease in normal development of larvae to 2-arm plutei (Table 1) . ; ANOVA, Test × Pb, F = 0.62, ns, Pb, F = 0.84, ns). As no response was observed up to the highest concentration, EC50 values could not be calculated and the LOEC was greater than 3.2 mg l -1 , the highest concentration tested (Table 1) .
DISCUSSION
Effect of metals on Sterechinus neumayeri and the relative sensitivity of different developmental stages
Responses of early life history stages to toxicants are stage specific, and for many echinoids tests to the pluteus stage are more sensitive than tests on the same species to earlier developmental stages (Kobayashi 1980 , Castagna et al. 1981 , Dinnel et al. 1989 , Bay et al. 1993 ). Short-term tests to the hatched blastula stage, and long-term tests to the 2-arm pluteus stage were used in this study to compare the sensitivity of different developmental stages of Sterechinus neumayeri to the metals copper, cadmium and zinc. Results of the present study are in agreement with this general finding. For all the toxicants tested, long-term larval development tests to 2-arm plutei were approximately an order of magnitude more sensitive than the short-term embryonic development tests to hatched blastulae. However, the duration of exposure is a confounding factor in direct comparisons of these tests and of the sensitivity of different developmental stages within this species. Tests using the pluteus larvae as the end-point involved exposure of the test organisms for 20 to 23 d compared to 6 to 8 d in tests to the hatched blastula. While the increased exposure time in the pluteus tests is likely to contribute to the increased sensitivity, it is not possible to distinguish between the effect caused by different sensitivities of the 2 developmental stages and the effect caused by the different lengths of exposure.
Exposure to very low concentrations of copper (4 to 8 µg l -1 ) caused a significant decrease in the number of embryos developing normally to hatched blastulae after 6 to 8 d exposure (Fig. 2a) . The long-term test to 2-arm plutei over 20 to 23 d was 2 to 4 times more sensitive than the short-term test, with concentrations as low as 2 µg l -1 copper causing a significant decrease in the number of normal larvae (Fig. 2b) . In addition, the average EC50 value estimated for long-term tests was approximately 8 times less than that estimated for the short-term tests (Table 1 ). Exposure to concentrations of cadmium above 2 mg l -1 and 0.2 mg l -1 led to significant increases in the occurrence of abnormal larvae of Sterechinus neumayeri after 6 to 8 d and 20 to 23 d respectively (Fig. 4) . Development to 2-arm plutei was therefore at least 10 times more sensitive to cadmium exposure than was development to hatched blastulae. Successful development to hatched blastulae decreased in cultures exposed to zinc concentrations of 1.6 mg l -1 or greater (Fig. 4a) . The long-term development test to 2-arm plutei was an order of magnitude more sensitive to zinc (EC50 = 326 µg l -1 , Table 1 ). Exposure to lead concentrations up to 3.2 mg l -1 had no effect on developing embryos up to the hatched blastula stage (Fig. 5) . Further tests using higher concentrations would therefore be needed to understand the toxicity of lead to S. neumayeri.
We cannot say with absolute certainty whether embryos and larvae of Sterechinus neumayeri are likely to encounter metals in Antarctic seawater at concentrations that may cause developmental abnormalities. Very few data on metals in seawater from contaminated sites in the region have been published. However, available information indicates that, of the metals tested, copper is the one most likely to be present at harmful concentrations. Copper has been reported at 0.18 to 1.17 µg l -1 in seawater from various localities in Antarctica, with the highest concentrations at sites close to an Antarctic station (Honda et al. 1987) . These levels approach the EC50 of 1.4 µg l -1 copper for the long-term test reported here. In addition, copper concentrations of 200 µg l -1 have been reported (Cole et al. 2000) in a melt-pool fed by leachate from the disused waste disposal near Casey Station. This site drains directly to an enclosed bay that has very little water circulation (Tate et al. 2000) and contains a small population of the urchin. Further, 25 mg kg -1 copper have been reported in sediments from this bay (Scouller et al. 2000) . Together these sources may create localised elevated copper that could exceed the EC50 value and so cause adverse effects on the S. neumayeri population in the vicinity. There was considerable variability between replicate tests for each of the metals tested (Figs. 2 to 5) . Such variability in the quality of gametes and the response of embryos and larvae obtained from different parents has been reported previously (Emlet et al. 1987 , George et al. 1990 ). Differences in the response of embryos are likely to be due to differences in their parents genetic adaptation, acclimation to environmental conditions, and their physiological condition (Helm et al. 1973 , Bayne et al. 1975 , 1978 . In the present study, adults used to obtain gametes for tests were collected from sites subject to different levels of contaminant input including Brown Bay ('impacted' site) and O'Brien Bay (control site). It is possible that animals acclimated to contaminated conditions may be more tolerant to contaminants than animals from control locations. This was not tested; however, variability within tests was minimised by using eggs from single females only.
Comparisons with related species from temperate and tropical regions
Whether Sterechinus neumayeri is more or less sensitive to contaminants than temperate and tropical species depends on which end-point is used and compared, and the type of contaminant tested. If the hatched blastula is used as the end-point (6 to 8 d) for S. neumayeri, then the EC50 for exposure to copper (11.4 µg l -1 ) is within the range of EC50s estimated after a similar period of time (2 to 4 d exposure) for several non-Antarctic echinoid species with the pluteus larval stage as the end-point (6.3 to 50 µg l -1 , Table 2 ). This could be interpreted to suggest that the Antarctic echinoid is sensitive to exposure to copper at concentrations much the same as temperate and tropical species. However, the rate of development of marine invertebrates is dependent on a range of environmental factors, including temperature. The slow rate of development of S. neumayeri larvae means that development to the 2-arm pluteus stage takes approximately 10 times as long (20 to 23 d) as it does in temperate species (2 to 3 d). Although the time taken to reach a particular developmental stage may differ between related species from different latitudes, for an individual to survive, the same developmental processes must be completed successfully. A more ecologically realistic comparison than exposure for a set period would therefore be to compare sensitivities of echinoids using tests that continue to the same key stage of development, in this case the pluteus larva, irrespective of the time taken to reach this stage. Using this comparison of sensitivity in a life cycle context, the Antarctic sea urchin S. neumayeri is 5 to 10 times more sensitive to copper (EC50 of 1.4 µg l -1
) and more sensitive to cadmium (< 0.2 mg l -1 ) than species from warmer regions ( Table 2 ). In contrast to copper and cadmium, S. neumayeri was relatively insensitive to zinc. After 6 to 8 d exposure, the zinc EC50 value was 10 times greater than those reported for echinoids from warmer regions ( Table 2 ). The long-term, 20 to 23 d test using the pluteus larva as the end-point was also slightly less sensitive to zinc than similar tests with temperate and tropical species (Table 2) . This is consistent with the earlier finding that Arctic invertebrates are less sensitive to zinc than are animals from lower latitudes (Chapman 1993) . Comparisons of the toxicity of lead to different species of echinoids are inconclusive, as few exact point estimates have been calculated for echinoids generally.
Comparisons with other Antarctic and Arctic organisms
There are few reports of experiments to investigate the effects of common contaminants on Antarctic marine fauna. Sediments contaminated with petroleum hydrocarbons from the vicinity of McMurdo Station were found to be toxic using a series of standard laboratory and field bioassays on local Antarctic and temperate marine organisms including echinoids , Cleveland et al. 1997 ). However, in these studies, no tests were done using reference toxicants, so direct comparisons with the Sterechinus neumayeri development test cannot be made. More recently, laboratory tests have been done at McMurdo Station, using 3 local amphipods with mortality as an end point after 2 to 14 d exposure to several metals (Ling et al. 1998) . For each species, juveniles were more sensitive than adults to all of the toxicants tested. LC50 values for juveniles of the most sensitive species were 0.2, 3, 9 and >100 mg l -1 for copper, cadmium, zinc and lead respectively after 48 to 96 h exposure (C. W. Hickey pers. comm.). The results in this study for Paramoera walkeri at McMurdo Station are comparable to those observed for this species in a similar study at Casey Station, where the sub-lethal behavioural effects and lethal toxic effects of cadmium and copper were examined on adults (Greve 1997 , Duquesne et al. 2000 . For both lethal and sub-lethal tests, the amphipod was more sensitive to cadmium than were sea-urchin larvae (amphipod 4 d LC50 = 1169 µg l ; Greve 1997 , Duquesne et al. 2000 . However, amphipods were much less sensitive to copper than sea urchin larvae (amphipod 4 d LC50 = 988 µg l ; Greve 1997 , Duquesne et al. 2000 .
A comparative discussion of the response to toxins by Arctic and Antarctic biota is almost impossible because the paucity of published information does not permit comparison among analogous species or contaminant types. However, Arctic invertebrates, including amphipods and mysids, have been found to be surprisingly tolerant of zinc and lead (Chapman 1993 , Chapman & McPherson 1993 
Use of toxicity tests in Antarctic marine environments
Toxicity tests have 2 main applications. They have been widely used in temperate regions to indicate the concentrations of single contaminants that may cause ecologically significant effects, and these data have been used to establish acceptable environmental standards. Toxicity tests have also been used to determine the environmental risk associated with complex mixtures, such as sewage effluent, the individual components of which may not be known. The toxicity tests based on the early life history of Sterechinus neumayeri reported here have the potential to be used for both these purposes. Despite the greater sensitivity of the long-term test, the 6 to 8 d development test provides reliable and repeatable results in a much shorter time (approximately 1/3 that of the 2-arm pluteus test). However, if a particularly sensitive test is required for potentially less toxic samples, then continued exposure through to the 2-arm pluteus stage would be useful and better able to detect effects resulting from lower levels of contaminants.
As the Antarctic environment is in many ways different from temperate regions, and marine organisms living in Antarctic waters have adapted physiologically to their unique environment, it is unreasonable to assume that emission standards developed using the response of temperate species to contaminants will be directly applicable to the Antarctic. That factors such as the time for development of larvae are so different for Antarctic species is a very strong argument in support of the use of local species under ambient conditions to determine the ecological significance of toxicity. If toxicity tests are to provide ecologically meaningful results they must be based on end-points which are relevant to the survival of the test organism. They must also be realistic in terms of the likely exposure of the organism to the contaminant in the real world. Anthropogenic inputs of contaminants in Antarctic marine environments may be short-term pulse events (e.g. fuel and oil spills), or may be more continuous (e.g. the flux of contaminants from disused waste disposal sites in summer, and the discharge of sewage effluent). The test reported here is based on a development process that takes much longer than for similar temperate species and for this reason could be criticised as being overly sensitive. However, because the larvae of the Antarctic species take longer to develop, the species may be more vulnerable to the effects of contaminants.
A test such as this, based on long-term exposure, would not be relevant if extended exposure was unlikely to occur in the natural setting. One particular characteristic of the Antarctic environment, the cover of sea-ice, does increase the likelihood of extended exposure of benthic and planktonic organisms to contaminants. For much of the year, the sea-surface near the coast of Antarctica is covered with ice that is frequently ≥1 m in thickness. This ice prevents the formation of wind-driven currents and significantly reduces mixing (Tate et al. 2000) . Water held within enclosed bays, such as Brown Bay near Casey, may therefore be almost stationary for very long periods until the sea-ice is blown out by a strong wind event in summer. This effect, by reducing mixing in the water column, also may reduce the dispersion of contaminants and the dispersal of planktonic organisms including vulnerable early life history stages of many benthic invertebrates. This has the potential to increase the chance that planktonic organisms are retained within a particular body of water and are subjected to extended exposure to contaminants.
This study does not provide a definitive answer to whether Antarctic species are more or less sensitive to contaminants than species from warmer regions. This question will only be resolved with the accumulated results of toxicity tests applied to a range of Antarctic species using a variety of contaminants. This is the first reported study to indicate that an Antarctic species might be more sensitive to some contaminants than similar species from warmer regions. Increased sensitivity appears to be the direct result of the longer development time and hence increased time for exposure as the Antarctic species develop to a particular stage.
